The effective heat and mass transport properties of a porous packed bed of particles undergoing a high-temperature solid-gas thermochemical transformation are determined. The exact 3D geometry of the reacting porous media is obtained by high-resolution computed tomography. Finite volume techniques are applied to solve the governing conservation equations at the pore-level scale and to determine the effective transport properties as a function of the reaction extent, namely, the convective heat transfer coefficient, permeability, Dupuit-Forchheimer coefficient, tortuosity, and residence time distributions. These exhibit strong dependence on the bed morphological properties (e.g., porosity, specific surface area, particle size) and, consequently, vary with time as the reaction progresses.
Introduction
Packed-bed reactors containing porous media are commonly used in solid-gas thermochemical processing because of their high contacting area. Of interest are packed-bed reactors for producing solar fuels, which make use of concentrated solar radiation as the energy source of process heat [1] . Examples of these high-temperature solar-driven processes are the thermal reduction of ZnO as part of a H 2 O-splitting cycle and the thermal gasification of carbonaceous material for producing syngas [2, 3] . The design, optimization, and scale-up of packed-bed reactors require modeling the transport phenomena across porous media. Volume averaging models [4] are commonly applied to reduce complexity and computational time. Their accuracy relies heavily on the accurate determination of the effective heat/mass transport properties of the reacting porous media, such as the convective heat transfer coefficient and permeability. The bed morphology and its effective heat/mass transport properties can vary significantly as the reaction progresses, but these variations are often neglected, introducing additional inaccuracies in the continuum models.
Empirical Nusselt correlations for nonreacting packed beds have been derived for solid-fluid heat transfer in packed beds based on a combination of Nu for laminar and turbulent flows around a single sphere [5] , on an experimental fit that accounts for axial dispersion [6] , on a stochastic model of the packed bed geometry [7] , and on an experimental fit to a numerical continuum model [8] . Heuristic and empirical models for permeability and Dupuit-Forchheimer coefficient in porous media include approximation of the porous structure as parallel channels [9, 10] and as parallel or perpendicular cylinders or spheres [11] [12] [13] , permeability bound model based on the mean survival time [14] , and high Reynolds flow models [15, 16] . A promising experimental-numerical technique has been developed to calculate the heat transfer coefficient of reticulate porous ceramic foams, which involves direct pore-level simulation (DPLS, also called explicit numerical simulation) applied on the exact foam geometry determined by computed tomography [17, 18] . This technique can also be applied to determine heat transfer coefficients, permeability and Dupuit-Forchheimer coefficients for reacting packed beds. In this study, we apply DPLS on the exact geometry determined by computed tomography (CT). Either lattice-Boltzmann method and lattice-gas automata [19] [20] [21] [22] or finite differences and finite volume (FV) techniques [17] [18] [19] 21, 23] are used to solve the governing Navier-Stokes equations for the velocity and pressure fields. Recently, CT-based DPLS of a packed bed undergoing a solid-gas thermochemical transformation was applied to characterize its morphological and radiative transport properties as a function of the reaction extent [24] . This paper deals with the determination of the reaction extent-dependent heat transfer coefficient, permeability, Dupuit-Forchheimer coefficient, tortuosity, and residence time distributions of a reacting packed bed. The exact 3D geometry of the packed bed containing complex, porous, and nonspherical particles is determined as a function of the reaction extent by high-resolution CT.
The effective transport properties obtained in this study account for the morphological changes during the reaction and thus enable for more detailed and accurate continuum models. Specifically, the methodology is applied for the solar-driven gasification of carbonaceous materials in a packed-bed reactor configuration.
Sample Preparation and Characterization
The model reaction selected is the solar-driven thermochemical conversion-by combined pyrolysis and gasification-of carbonaceous materials to high-quality syngas [3] . Syngas, a mixture of mainly H 2 and CO, can be used to fuel efficient combined cycles or fuel cells for power generation, or further processed to hydrogen or liquid fuels for transportation. Pyrolysis, which involves the thermal decomposition and devolatilization of the feedstock, takes place prior to the gasification, which involves the heterogeneous solid-gas reaction of char with reactive gases (e.g., H 2 O or CO 2 ). The combined pyrolysis and gasification of the carbonaceous feedstock is carried out in a laboratory packed-bed reactor to produce samples of the reacting solid material at different reaction extents under controlled reaction conditions. The experimental setup has been described previously in detail [24] . The experimental procedure consists of pyrolysis at 1000 K (heating rate approx. 90 K/min) in an inert atmosphere followed by gasification at 1273 K in a steam partial pressure of 0.8 bar. The selected carbonaceous material is waste tire shreds because of their promising recycling application. Samples of the packed bed are obtained for a reaction extent X C ¼ 0 (initial), after pyrolysis at X C ¼ 0.68 (char), and after gasification at X C ¼ 1 (ash). X C is determined by the carbon conversion based on mass balance. The samples at predefined X C were obtained by stopping the reaction (shutting down heating and reacting gas inflow) and subsequent cooling (rate approx. 70 K/min) the packed bed in an oxygen free atmosphere. The variation of the porosity due to changes in the operational conditions (temperature, pressure, etc.) was of the same order of magnitude as the standard deviation of the experimental results [24] .
Elemental analysis of the tire shreds indicates 82 wt. % C, 7 wt. % H, 3 wt. % O, 2 wt. % S, and heavy metal impurities. Fixed carbon represents 29 wt. %. Median particle diameter, d med,ex , experimentally determined by laser scattering (HORIBA LA-950 analyzer) and porosity, e ex , experimentally determined by weight measurements, are listed in Table 1 for the three X C of the packed bed. Additionally listed is the numerically calculated porosity, e num , defined as e num ¼ N vox;void N vox;tot (1) and calculated based on the CT data (see Sec. 3). The initial increase in porosity is due to the release of volatiles during pyrolysis, resulting in highly porous, fractured, and nonspherical particles. During char gasification, the particles shrink and break apart, reducing overall bed porosity.
Computed Tomography
High-resolution CT is carried out on the tomographic microscopy and coherent radiology experiments (TOMCAT) beamline at the Swiss Light Source (SLS) of the Paul Scherrer Institute [25, 26] for 23 keV photon energy, 400 lA beam current, 940 ms exposure times, and 1500 projections. The resulting tomographic data have voxel size of 3.7 lm and investigated field of view (FOV) of 7.6 Â 7.6 Â 3.5 mm 3 . Exemplary tomograms of the packed beds are shown in Fig. 1 . Due to large image distortion of the ash sample, tomographic data for the ash sample are obtained with a microfocal x-ray tube source, resulting in a voxel size of 5 lm and a FOV of 5.6 Â 5.6 Â 6 mm 3 . Phase segmentation is achieved by a local mode method. Adjustment of e ex and e num is not used for threshold selection since it results in wrong phase segmentation due to insufficient resolution of the nanopores, which account for 10-20% of the porosity.
Methodology
DPLS is applied on the packed-bed geometry obtained by highresolution CT, following the methodology previously developed for reticulate porous ceramic foams [17, 18] . A schematic of the DPLS domain is shown in Fig. 2 and consists of a square duct containing a sample of the packed bed and an undisturbed inlet and outlet region. The coupled continuity, momentum, and energy conservation equations in the (laminar) fluid phase are solved by FV techniques at the pore-level scale [27] . Temperature, T 0 (¼300 K), and velocity, u 0 , are given at the inlet. Temperature, T sf (¼1273 K), and no-slip condition are given at the solid-fluid boundary. The lateral walls of the duct, including the sample, are assumed symmetric. Pressure, p atm (¼ 1 atm), is given at the outlet. The boundary conditions are
The velocity, pressure, and temperature distributions are computed within the fluid phase and the heat fluxes are computed through the solid-fluid boundary. A sample with dimensions of 4.7 Â 4.7 Â 2.3 mm 3 is used for the calculations, limited by the FOV of the CT scans. This volume satisfies the definition of a representative elementary volume (REV, smallest volume for which continuum is still valid) as porosity calculated in growing cubic subvolumes converge within a band of 60.054 (c) for cubic volumes with edge length of 3.7 mm (l REV,c ¼ 0.054 ):
Additionally, the mean free path of the gases involved are below 0.532 lm (H 2 at 1 atm and 1273 K), which is 14 times smaller than the CT resolution and consequently the smallest pores detectable. Therefore, continuum for the fluid phase is assumed. Convergence of the numerical calculation is achieved for a terminal residual RMS of the iterative solution below 10 À4 and for a maximal mesh element length of 90 lm (initial and char) and 117 lm (ash). The meshes are composed of approximately 3.5 Â 10 7 tetrahedral elements. The meshed domain of the initial packed bed is shown in Fig. 3 . The mesh is generated by an in-house mesh generator for unstructured body-fitted grids [17, 18] . Two quad-core Intel Xeon 2. 
and fitted to a correlation of the form
The numerically calculated and fitted Nu correlations for the packed bed at different X C are given in Table 2 . Figure 4 shows the numerically calculated Nu numbers for the packed bed at Pr ¼ 0.1, 1, and 10 and their fits. Nu decreased during pyrolysis and increased during gasification as a result of morphological changes during the reaction. During pyrolysis, the formation of direct flow paths across the packed bed reduced the accessible surface area for convective heat exchange between the two phases. During gasification, the break-up of particles increased the accessible surface area for heat exchange.
The four constants of the Nu correlation, Eq. (8), are related to the reaction extent by a 2nd-order polynomial function, assuming that the morphological parameters influencing the Nu correlation (e.g., e and A 0 ) can be related to X C by a 2nd-order polynomial function
Thus, the following Nu correlation is derived for a packed bed of shredded tires undergoing pyrolysis and gasification:
with a to d given by Eqs. (9)-(12).
Validation and
Comparison. Several Nu correlations for packed beds of spherical and nonspherical particles are given in the literature [5] [6] [7] [8] . Gnielinski's correlation [5] resulted from a combination of Nu correlations around a single sphere for laminar and turbulent flow Table 2 .
Wakao's correlation [6] was obtained by fitting experimental results, correcting for axial dispersion if needed
Gunn's correlation [7] is based on a stochastic model for the packed bed geometry 
The Nu correlation derived in this study for the reacting packed bed of complex, porous, and nonspherical particles, given by Eq. (13) , is compared to those Nu correlations given by the models of Eqs. (14)- (17) . Results of this comparison are shown in Fig. 5 as a function of Re for Pr ¼ 0.1 and 1. For the initial packed bed, the Nu correlations of Eq. (14)- (16) are not appropriate, especially for low Re. Mousa [28] reports measured Nu numbers exceeding 40 for 9 < Re < 30 and Pr ¼ 0.7. For the packed bed after pyrolysis (char), consisting of nonspherical and highly porous particles, the Nu numbers lie in the range proposed by Saidi [8] (RMS ¼ 1.2 for ReÁPr < 25). For the final ash, all the modeled Nu correlations of Eq. (14)- (16) approach the one derived in this study. Ash particles are more spherical-like and less porous. The strong increase in Nu for the packed bed at X C ¼ 0 and 1 at high Re is related to the large Dupuit-Forchheimer coefficient and the larger tortuosities (see Secs. 6 and 7), allowing for superior heat transfer.
Packed beds of random identical overlapping opaque spheres (IOOS, e ¼ exp(Ànpd 3 /6)) with corresponding particle sizes and porosities (see Table 1 ) are generated to investigate the influence of sphere size distribution and sphericity on the effective properties. DPLS is used for the determination of the effective properties. The numerically determined and fitted Nu correlations are depicted in Table 3. 6 Mass-Permeability and Dupuit-Forchheimer Coefficient 6.1 Theory and Results. Flow through porous media is described by Darcy's law [29] , which linearly relates the pressure drop to the velocity. For Re > 1, the form drag due to solid obstacles (inertial resistance) gets comparable to the surface drag due to friction (viscous resistance). Thus, an additional term proposed by Forchheimer [30] is introduced. The determination of the permeability, K, and Dupuit-Forchheimer coefficient, F DP , is therefore based on the extended Darcy's law [7] , Saidi [8] , and of present study for Pr 5 0.1 (a) and for Pr 5 1 (b) Table 3 Numerically determined Nu correlations for the three packed beds composed of IOOS with the same porosity and diameter as the reacting packed bed at X C 5 0, 0.68, and 1 
Corresponding
The nondimensional form for the 1D case yields
where
. The coefficients c 0 and c 1 of the linear function are directly related to K and F DP . The pressure variations associated with the artificial abruptly changing flow patterns at the sample's inlet/outlet represent less than 1% of the pressure drop across the sample and therefore are negligible. The dimensionless pressure gradients for the three samples of the packed bed at different X C are plotted in Fig. 6 . The resulting K and F DP are tabulated in Table 4 . The highest K of the packed bed is obtained at X C ¼ 0.68 (char). This is consistent with the fact that the highly porous, fractal-like particles evolved during pyrolysis. The lowest F DF is obtained at X C ¼ 0.68. This is again explained by the porous structure of the particles contained in the bed, allowing the fluid to pass through the sample in a less disturbed manner, as verified by the tortuosity distributions calculated in the Sec. 6.4.
The following correlations for K and F DF of a packed bed of shredded tire particles undergoing pyrolysis and gasification are proposed:
K increased and decreased with X C while the opposite was observed for F DF . These changes were associated with morphological changes during the reaction. During pyrolysis, the formation of direct flow paths across the packed bed reduced the pressure drop and inertial resistance, leading to higher K and lower F DF . During gasification, the decrease of porosity resulted in higher pressure drop and inertial resistance.
Validation and
Comparison. K of a medium composed of parallel channels with Hagen-Poiseuille flow is given by [9] 
The hydraulic radius model [9] based on the Carman-Kozeny theory is given by Eq. (23)
k K ¼ k 0 s is the Kozeny constant which is the product of a shape parameter, k 0 , and the tortuosity, s. k K is approximated to be 5 for packed beds [9] . For fibrous beds, Kyan et al. [31] proposed
Kuwabara, Sparrow et al. and Happel et al. [11] [12] [13] derived correlations for k K by solving for the external flow around parallel and perpendicular arranged cylinders and spheres
Rumpf et al. [32] showed that for a packed bed of spherical particles with a narrow size distribution, K is well approximated by
Itoh [33] determined the permeability of a random array of rigid spheres accounting for the so called intermediate layer, a particular state formed around a test sphere. Davis et al. [34] calculated the permeability of a packed bed made of porous particles with an inner permeability, K inner . For higher Re numbers, MacDonald et al. [15] suggested a formulation to determine F DP based on Ergun's theory
Ward [16] proposed Figure 7 compares the DPLS-determined K and F DP of the reacting packed bed at X C ¼ 0, 0.68, and 1 (initial, char, and ash) with those obtained by Eqs. (22)- (29) and models given by Itoh [33] and Davis [34] . For clarity, a packed bed with K inner ¼ 10 À10 m 2 is assumed for the calculations. e and d are adapted according to the sample specification for X C ¼ 0, 0.68, and 1 (see Table 1 ). The values for K and F DP scatter in a range of several orders of magnitude, spanned by the models. Permeability and Dupuit-Forchheimer of the corresponding IOOS are depicted in Table 5 . The porosity affects significantly K and F DP . This is qualitative in agreement with the results of the complex reacting packed bed.
7 Mass Transfer-Tortuosity and Residence Time 7.1 Theory and Results. Tortuosity, s, is defined as the ratio of the real length of the connected pore channels to the thickness of the porous sample in the main flow direction s ¼ l path l sample (30) Residence time, t, describes the time required for a fluid particle to flow across the sample. It is defined by
The velocity distribution is used to create sets of 2500 stream lines uniformly distributed over the inlet for each Re number. Their length and the integrated time on the stream line are calculated. Calculated distributions of s and t for the packed bed at X C ¼ 0, 0.68, and 1 (initial, char, and ash) and Re ¼ 1 are shown in Figs. 8 and 9, respectively. Mean, median, and mode of the calculated distributions of s and t at Re ¼ 1 are given in Table 6 . The following correlations of s m and t m for a packed bed of shredded tire particles undergoing pyrolysis and gasification are derived (Re ¼ 1) Table 5 Permeability and Dupuit-Forchheimer coefficient of the three packed beds composed of IOOS with the same porosity and diameter as the reacting packed bed at X C 5 0, 0.68, and 1 
s at X C ¼ 0.68 is smaller than that at X C ¼ 0 and 1. Since the particles after pyrolysis are highly porous, fluid is able to pass through the packed bed with lower tortuosity. The s and t distributions at X C ¼ 0.68 exhibits a tail accounting for fluid particles trapped for some time at unconnected pores, resulting in larger residence times.
Conclusions
DPLS was applied to a reacting packed bed whose complex 3D geometry was determined by high-resolution CT at different reaction extents. The pyrolysis and gasification of shredded waste tires were chosen as the model reaction due to their significance in solar fuel production processes. The governing conservation equations were solved at the pore-level scale using FV techniques. The convective heat transfer coefficient, permeability, Dupuit-Forchheimer coefficient, tortuosity, and residence time distributions for the reacting packed bed were determined and compared to correlations available in the literature. All effective transport properties were found to be strong functions of the reaction extent. The initial packed bed was characterized by larger Nu numbers than those obtained by the models of Gnielinski or Wakao [5, 6] but smaller values than those measured by Mousa [28] . The packed bed after pyrolysis (char) was composed of porous and nonspherical particles. The final packed bed (ash) showed comparable Nu values as those proposed for packed beds of rigid and spherical particles. The packed bed after pyrolysis (char) showed the highest K and the lowest F DF , because of the high inner porosity of particles that enhanced the bed porosity and shortened its tortuosity and residence time. Analytical Nu, K, F DF , s m , and t m correlations for a packed bed undergoing pyrolysis and gasification were derived as a function of the reaction extent. These effective transport properties can in turn be incorporated in volume-averaged (continuum) models for the purpose of design and optimization of packed-bed reactors. 
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